This work presents measurements of the electrical resistivity ͑͒, Seebeck coefficient, and thermal conductivity ͑͒ of icosahedral Al 70 Pd 22.5 ͑Re 1−x Mn x ͒ 7.5 quasicrystals from 10 to 300 K. A series of quasicrystals was prepared with x = 0, 0.1, 0.2, 0.3, 0.5, 0.6, 0.8, and 1.0 to systematically study the effect of substitution. The electrical resistivity increases as the temperature decreases, suggesting a semiconductinglike behavior in these alloys. The room-temperature values of the Seebeck coefficient vary from −5 V/K to +65 V / K, showing a significant dependence on the value of x. However, exhibits a rather weak composition dependence in the temperature range investigated. The room-temperature dimensionless thermoelectric figure of merit ͑ZT͒ of this system is optimized at x = 0.1. With further appropriate heat treatments, high ZT is presumably available at elevated temperatures in the Al 70 Pd 22.5 ͑Re 0.9 Mn 0.1 ͒ 7.5 sample.
I. INTRODUCTION
In recent years, quasicrystals have attracted much attention due to their interesting electrical and thermal transport properties.
1- 14 The quasicrystals are cluster-based structures with long-range rotational order but that lack translational symmetry. Accordingly, they exhibit properties similar to those of amorphous alloys as they behave like a semimetal or semiconductor electronically and like a glass thermally. The electrons in these quasicrystals can transport either by diffusion or by variable-range hopping ͑VRH͒, depending on whether they are metallic or insulating. 2, 15, 16 The peculiar behavior regarding the electrical conductivity and Seebeck coefficient has been explained by the formation of a pseudogap in the density of states ͑DOS͒ near the Fermi level ͑E F ͒, with localization of electrons near the E F . However, the mechanisms governing the transport in quasicrystals are different from those in glass, as the structure of quasicrystals differs distinctly from that of glass. In general, quasicrystals exhibit low thermal conductivity because of their increased phonon scattering due to both the inherent disorder in structure and the scattering on heavy ions.
The renewed interest in quasicrystals is motivated by the good thermoelectric properties they exhibit.
1, [17] [18] [19] Materials which might be good candidates for thermoelectrics require higher values of the thermoelectric figure of merit ͑ZT͒, given by ZT= ͑S 2 / ͒T. Theoretical studies have suggested that high values of ZT, beyond the practical upper limit ZT = 1, may be expected for quasicrystalline alloys. 19 Indeed, the thermoelectric properties of AlPdMn icosahedral quasicrystals have been studied, and the results indicate that they could be promising candidates for thermoelectric materials. 3 It is well known that the values of the and Seebeck coefficient ͑S͒ of quasicrystals change drastically with a small variation in chemical composition and different heat treatments. [1] [2] [3] [4] [5] [6] [8] [9] [10] [11] [12] [13] [14] [20] [21] [22] [23] [24] [25] Therefore, the main advantage of quasicrystals is that their electrical conductivity and Seebeck coefficient can be modified by varying the compositions or annealing conditions without sacrificing the low thermal conductivity exhibited in these materials. In other words, by suitable doping and thermal treatment, one can tune the electronic transport properties of quasicrystals to a desired level.
AlPdRe and AlPdMn icosahedral quasicrystals exhibit semiconductinglike character with a rather high S. Hence, they could be potential candidates for good thermoelectric materials if their transport properties can be tuned. Indeed, the AlPdRe and AlPdMn families have been found to exhibit the highest ZT values of the known quasicrystals. 17 Intense studies are being carried out on these intriguing classes of materials by varying the compositions and annealing conditions in order to obtain a higher thermoelectric performance. 3, 4, 8, 10, 12, 13, 22 Previously, we have reported the electronic transport properties of icosahedral Al 70 Pd 22.5 Re 7.5 quasicrystals with various annealing conditions. 10 It was found that the physical properties in these alloys depend strongly on their heat treatment. Such a result can be understood with the pseudogap scenario, where annealing conditions cause considerable modification in the band shape around the Fermi surface. A recent theoretical investigation of the composition-dependent effects on the ZT of AlPdRe icosahedral quasicrystals suggested that larger ZT values are expected for those samples exhibiting narrow features in the density of states ͑DOS͒ close to the Fermi level. On the other hand, smaller ZT values were found among those samples in which the Fermi level is located at the bottom of the pseudogap. 17 In this paper we present measurements of the temperaa͒ Author to whom correspondence should be addressed; electronic mail: ykkuo@mail.ndhu.edu.tw ture dependence of the , S, and of Al 70 Pd 22.5 ͑Re 1−x Mn x ͒ 7.5 icosahedral quasicrystals with x = 0, 0.1, 0.2, 0.3, 0.5, 0.6, 0.8, and 1.0. These samples are essentially alloyed from two known quasicrystals, AlPdMn and AlPdRe, which belong to the same structural class. Such a systematic investigation is expected to provide a deeper insight into the effects of composition dependence in these alloys.
II. EXPERIMENT
Ingots of Al 70 Pd 22.5 ͑Re 1−x Mn x ͒ 7.5 alloys were obtained by arc-melting a mixture of high-purity elements in a purified argon atmosphere. The ingots were then sealed in a quartz ampoule at 980°C and annealed for 24 h in a vacuum. Since the physical properties of quasicrystals are known to be sensitive to both chemical composition and annealing condition, we carefully controlled the sample preparation procedures to be as identical as possible, so that any variation in sample properties would arise entirely from the composition change. X-ray diffraction ͑XRD͒ spectra were performed using a rotating-anode x-ray generator ͑Cu K␣, 50 kV, 200 mA͒ with a graphite ͑002͒ monochromator to assess the quality of the prepared samples. The structural analysis revealed that the prepared samples were single phase and consistent with the expected icosahedral structure. The typical XRD patterns for the samples with x = 0, 0.6, and 1 are displayed in Fig. 1 . The XRD patterns for the samples with x = 0 and 1 are the same as those observed in singlephase samples by Pope et al. 4 and Kirihara and Kimura. 13 However, the observed diffraction peaks are sharper and more resolved, and no secondary phases such as Al 3 Pd 2 or Al 11 Re 4 found in Refs. 4 and 13 were detected in our samples.
The resistivity data were obtained by the standard dc four-terminal method in the temperature range from 10 to 300K in a closed-cycle refrigerator. The S and were measured simultaneously with a differential method. The samples were cut into small rectangular bars ͑ϳ1.5ϫ 1.5 ϫ 0.5 mm 3 ͒ with one end thermally glued to a copper block ͑heat sink͒. A calibrated chip resistor ͑100 ⍀ at room temperature͒, which served as a heat source, was glued to the other end. The temperature gradient was measured using a differential thermocouple fixed ͑using thermal epoxy͒ at the two ends of the sample, and the corresponding Seebeck voltage was measured along a pair of two signal leads ͑copper͒. The value of the temperature gradient was maintained below 1 K to minimize the heat loss through radiation. The measurements were performed in vacuum ͑ϳ10
−5 torr͒ at a warming rate of about 20 K / h. The reproducibility in the S and is better than 2%, but the absolute accuracy of is about 20%, mainly due to the error in the determination of the sample dimensions.
III. RESULTS AND DISCUSSIONS
A. Resistivity dral clusters; so, small changes in the structure of the clusters may induce a transition from metallic to covalent bonding. 26 This supports earlier findings that the i-AlPdRe phase has stronger covalent bonds and an associated semiconducting nature. 13 The i-AlPdRe behaves like a semiconductor with the bandgap filled by localized states. This is in agreement with the VRH mechanism observed in highly resistive samples of i-AlPdRe. 20 With higher Mn substitution for Re ͑0.5ഛ x ഛ 0.8͒, the temperature variation of the appears to be weaker ͑smaller d /dT, see inset of Fig. 2͒ , but these alloys remains semiconductinglike. As Re is completely replaced by Mn, the observed resistivity of Al 70 Pd 22.5 Mn 7.5 exhibits a semimetallic behavior. A negative d /dT is commonly observed in many ternary quasicrystalline systems and is attributed to the weak localization effect, including spin-orbit scattering and electron-electron interaction.
1 However, the low-temperature downturns in the for larger x ͑x = 0.8 and 1.0͒ samples are mainly due to the effects of strong spin-orbit scattering.
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B. Seebeck coefficient
The temperature-dependent Seebeck coefficients S͑T͒ for various Mn concentrations are shown in Fig. 3 . 
However, the value of S is negative for the x = 0.5 sample in the whole temperature range we investigated. Such a sign reversal indicates that there may be a substantial change in the band structure or the conduction mechanism of the dominant carrier at these Mn concentrations. The absolute values of the S were found to be relatively small ͑lower panel of Fig. 3͒ for large values of x ͑0.6ഛ x ഛ 1.0͒, and the sign of the room-temperature Seebeck coefficients changed back to positive as x exceeded 0.8. This observation suggests that the sizes of the electron and hole pockets become more and more comparable, which leads to nearly compensated charge carriers due to Mn substitution for Re in these alloys. Another peculiar feature of the samples with a large x value is the appearance of distinct peaks around 40 K, presumably due to the phonon-drag effect. It is known that strong disorder scattering can suppress the phonon-drag peaks. In highly disordered metals, such phonon-drag suppression often leaves a knee in the Seebeck coefficient that is consistent with electron-phonon enhancement. In view of the fact that the Mn-rich samples show more pronounced phonon-drag peaks in the measured Seebeck coefficient, it suggests that the Al 70 Pd 22.5 Mn 7.5 alloy may have less disorder in their structure than does the Al 70 Pd 22.5 Re 7.5 alloy.
Seebeck coefficient measurements are known to be a sensitive probe of the energy of the carriers relative to the Fermi surface, and the results will yield information about changes in the electronic band structure. It was well established through tunneling studies that quasicrystals possess a pseudogap ͑Hume-Rothery͒ near the Fermi level E F , with a width of about several hundred meV. 28 In the following, we try to understand the observed composition dependence in the S with the pseudogap scenario. For the metallic alloy, the linear variation of the S is often discussed using the wellknown Mott formula ͑electronic contribution͒,
assuming a one-band model with an energy-independent relaxation time. Here, e is the elementary charge and is negative in sign, and ͑E͒ is the electrical conductivity. Since electrical conductivity in the metallic phase is known to be directly proportional to the density of states N͑E͒ at E F , so the Seebeck coefficient can be rewritten as
indicates that the S is positive ͑negative͒ when the sign of ‫ץ‬N͑E͒ / ‫ץ‬E is negative ͑positive͒. at an energy lower than that of bottom of the pseudogap ͑E bottom ͒, which corresponds to a negative ‫ץ‬N͑E͒ / ‫ץ‬E and positive S. As more Re atoms are replaced by Mn ͑0.3ഛ x ഛ 0.6͒, E F moves across the pseudogap to higher levels, thus resulting in a negative S. For large x samples ͑x = 0.8 and 1.0͒, E F moves back to an energy slightly lower than E bottom , which corresponds to a small and positive S. Therefore, the composition dependence of S can be qualitatively understood by means of the shifting of E F across the pseudogap within a simple rigid-band scenario. However, the compositional dependence of -that is, decreases ͑x Ͻ 0.6͒ and then increases ͑x Ͼ 0.6͒-is the opposite behavior to that expected in the above scenario, even when considering that is determined not only by DOS but also by the scattering time. Previous studies have noted that the origin of the semiconducting nature, and hence the magnitude of the S of the Al-based quasicrystals, depends on the covalent bonding between Al and transition metal atoms. 13 In our present study, however, the observed value of room-temperature S decreases rapidly as more Re atoms are replaced by Mn. Such a result suggests that substituting Mn for Re changes the width of the pseudogap near the Fermi level by altering the local potential between Al and Re, which in turn leads to the reduction of S. 12, 13 C. Thermal conductivity Figure 4 shows the temperature variation of thermal conductivity ͑T͒ in the temperature range investigated. For all compositions the magnitude of is nearly the same. This clearly indicates that in these Al 70 Pd 22.5 ͑Re 1−x Mn x ͒ 7.5 alloys, thermal transport ͑͒ is more independent of x than is electrical transport ͑ and S͒. The room-temperature of all samples was observed to be about 2 W / m K, which is consistent with the values reported for other icosahedral quasicrystals. Since the of quasicrystals is expected to closely follow the Wiedemann-Franz law over a wide temperature range, the electronic thermal conductivity e can be estimated by using e / T = L 0 . Here, is the dc electric resistivity and L 0 = 2.45ϫ 10 −8 W ⍀ K −2 is Lorentz's number. From this estimation, we can safely conclude that the total thermal conductivity is mainly due to the lattice phonons rather than the charge carriers in these alloys.
The T-dependent thermal conductivity of these samples was found to decrease with decreasing temperature, then develop into a broad minimum at around 100 K and a peak near 30 K. The appearance of the low-temperature peak in is generally observed in i-AlPdRe phase quasicrystals, which was explained by invoking the theory of generalized umklapp process. 29 In addition, the monotonic increase of with increasing T above approximately 100 K is also a common feature observed of quasicrystals, and is attributed to the activation of localized phonon states at high T. Note that the monotonic increase of with T above 100 K resembles a glassy behavior. 13, 29 Such a glassy nature was explained with a model actually appropriate for disordered crystalline and amorphous solids. It has been suggested that the phonons are heavily localized for temperatures below 100 K, and hence they behave like a glass in thermal transport. 13 Janot proposed a model taking into account the high-energy and localized vibration modes with a hierarchical variable-range hopping mechanism, indicating that the lattice thermal conductivity is expected to follow a power law, i.e., L ϰ T n , where L is the phonon thermal conductivity. 30 It is found that the T-dependent of the Al 70 Pd 22.5 Mn 7.5 ͑x =1͒ sample differs from that of all other compositions in this series of alloys. The low-temperature peak is nearly suppressed in Al 70 Pd 22.5 Mn 7.5 , and d /dT in Al 70 Pd 22.5 Mn 7.5 appears to be larger than that of other compositions, indicating that the value of n in the expression of L ϰ T n is larger, if the variable-range hopping mechanism in thermal transport is valid for these alloys. These distinct features in have also been observed by other groups.
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D. Figure of merit
From the electrical and thermal transport properties presented above, one can estimate the thermoelectric performance of the Al 70 Pd 22.5 ͑Re 1−x Mn x ͒ 7.5 quasicrystals. Figure 5 shows the figure of merit ZT as a function of temperature for various compositions. Systematic variation in the value of room-temperature ZT takes place as a function of Mn concentration, and it is generally found that the magnitude of the ZT rapidly decreases as x increases. Such an effect has been previously observed in the same class of material with Ru being replaced by Re. 22 Recently, Macia proposed that the magnitude of the ZT in quasicrystals depends on the location of the Fermi level and the pseudogap, 17 pendence of the S. Thus, it is reasonable that the measured S in these alloys can be qualitatively understood by the shifting of E F across the pseudogap.
It has also been suggested that quasicrystals with better thermoelectric performance should appear in samples having a deeper pseudogap and with the E F located near the bottom of the pseudogap. 17 The maximum value of the ZT, about 0.06, was observed for x = 0.1 at room temperature from our present study. Therefore, we may expect that the Al 70 Pd 22.5 ͑Re 1−x Mn x ͒ 7.5 series with smaller x should have a more pronounced pseudogap feature than that with larger x samples. Tunneling spectroscopy measurements are needed to confirm such an argument. As seen from Fig. 5 , the ZT value shows no sign of saturation with increasing temperature for the x = 0.1 sample. Therefore, it is expected that with further appropriate heat treatments, higher ZT is presumably available at elevated temperatures in the Al 70 Pd 22.5 ͑Re 0.9 Mn 0.1 ͒ 7.5 alloy.
IV. CONCLUSIONS
In summary, we have reported a systematic investigation of electrical and thermal properties of iAl 70 Pd 22.5 ͑Re 1−x Mn x ͒ 7.5 quasicrystals with x = 0, 0.1, 0.2, 0.3, 0.5, 0.6, 0.8, and 1.0. We found that the substitution of Mn for Re this system yields a significant composition variation in both electrical resistivity and the Seebeck coefficient. However, the observed thermal conductivity shows relatively weak composition dependence in these alloys. We found that the high Mn-concentration samples exhibit more pronounced phonon-drag peaks at low temperatures in the measured Seebeck coefficients, suggesting the scattering mechanisms ͑par-ticularly phonon-phonon or electron-phonon͒ may be changed with Mn substitution. The strong composition dependence and sign reversal observed in the Seebeck coefficient could be due to the altering of the local potential, hence changing the width of the pseudogap and shifting E F , which is further evident from the relationship between the ZT and the position of the E F and the pseudogap. The thermoelectric performance of Al 70 Pd 22.5 ͑Re 1−x Mn x ͒ 7.5 alloys is optimized at x = 0.1. With further appropriate heat treatments, higher thermoelectric performance is expected in the Al 70 Pd 22.5 ͑Re 0.9 Mn 0.1 ͒ 7.5 alloy at elevated temperatures.
